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The temporally and spatially resolved characteristics of silicon dioxide aerogel plasmas were
studied using x-ray spectroscopy. The plasma was generated in the near-Planckian radiation
environment within gold hohlraum targets irradiated by laser pulses with a total energy of 2.4 kJ in
1 ns. The contributions of silicon ions at different charge states to the specific components of the
measured absorption spectra were also investigated. It was found that each main feature in the
absorption spectra of the measured silicon dioxide aerogel plasmas was contributed by two
neighboring silicon ionic species. © 2010 American Institute of Physics. doi:10.1063/1.3274449
I. INTRODUCTION
Experimental and theoretical determination of plasma
properties has long been of interests in astrophysics1,2 and
inertial confinement fusion researches.3 The plasma opacity,
for instance, which determines the energy transport in plas-
mas, has been studied extensively in laser-plasma experi-
ments in the past two decades. In those experiments, low and
medium-Z materials are the most early selected as study ob-
jects. This is because the K-shell structures and the absorp-
tion spectra of low-Z elements are relatively simple. Alumi-
num is one of the sample materials usually applied in the
opacity model benchmark experiments.4–12 In some experi-
ments, aluminum atoms were also buried in the sample for
characterization of plasma conditions. Winhart et al.9 and
Merdji et al.10 performed absorption spectra measurements
of aluminum plasmas at temperatures Te between 20 and
30 eV and densities Ne21020 cm−3, but in different pho-
ton energy ranges of 70–280 eV L-shell and 1400–1650 eV
K-shell, respectively. Audebert et al.13 measured the time-
resolved absorption spectra of 300 fs laser-produced,
strongly coupled aluminum plasmas of Te50 eV and elec-
tron density near 51022 cm−3. Simulations with
collisional-radiative atomic physics model included in hy-
drodynamic code reproduced fairly well the measured charge
state distribution as a function of time.
Radiative opacities of medium-Z elements have been
largely studied for their key roles in radiation diffusion mod-
els of the Sun and other stars, although they represent only a
small fraction of the total mass of stars.14 Inclusion of tran-
sitions with n=0 in the iron opacity calculation, for ex-
ample, was demonstrated to be the right way in resolving a
number of outstanding problems in astrophysics.1,2 Da Silva
et al.,15 Springer et al.,16 and Winhart et al.8 measured iron
plasma opacities in the photon energy range between 50 and
300 eV due to M-shell transitions under plasma conditions of
Te60 eV and densities around 10
20 cm−3. Bailey et al.17
performed iron plasma opacity measurements over the pho-
ton energy range between 800 and 1800 eV, associated with
the bound-bound transitions involving the iron L-shell,
which is important for solar interior radiation transport. Their
plasma was determined to have Te1566 eV and elec-
tron density near 6.91.71021 cm−3. Foord et al.18,19
measured the absorption spectra of iron L-shell in plasmas
with Te150 eV and density as low as 10−4 g cm−3 in the
two-body recombination regime, and made the first compari-
son between the measured charge state distributions and that
from x-ray photoionization models.
Properties of high-Z element plasmas are also attracting
many interests for their wide applications in high power de-
vices such as hohlraums and Z-pinches.20–22 Foord et al.
studied the emission spectra of laser-produced Au plasmas in
order to understand nonlocal thermodynamic equilibrium
non-LTE processes in the complex M- and N-shell atomic
systems. Heeter et al.22 performed benchmark measurements
of the ionization balance of well-characterized gold plasmas
with and without external radiation fields at electron
densities near 1021 cm−3 and temperatures between 800 and
2400 eV. This is the extension work of the benchmark NOVA
data for plasmas with Te between 2 and 2.6 keV and densities
near 1021 cm−3.21 Besides hohlraum device and Z-pinch fa-
cility, the Electron Beam Ion Trap EBIT facility was also
used in benchmarks of the charge state distribution of highly
ionized gold plasmas in coronal equilibrium.23
With the high-energy transmission grating spectrometer
on the Chandra’s astrophysical observatory, the spectra with
high spectral resolution were observed for the active galactic
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nuclei.24,25 Those absorption spectra show evidence of nu-
merous absorption lines from the full range of charge states
of silicon and iron. Iron plays important roles in modeling of
stars, and has been studied extensively as shown above. Sili-
con is one of the main opacity sources in the atmospheres of
cool stars.26 Its line emission can be used as diagnosis of the
solar flare.27,28 In this paper, we report the study of properties
of the silicon dioxide SiO2 foam plasmas at LTE generated
by an uniform near-Planckian radiation in hohlraum targets
driven with intense laser pulses. The SiO2 plasma absorption
spectra were measured in the photon energy range from 1700
to 1900 eV. The absorption features in the spectra are due to
transitions mainly associated with levels of silicon K-shell.
By comparing the measured spectra and the calculated ones
with the detailed-term-accounting DTA model in assump-
tion of LTE, the plasma temperatures, the areal and the vol-
ume densities were determined, respectively. The temporal
evolutions of those physical variables were also investigated.
II. EXPERIMENTS
The absorption experiments were performed on the
Shenguang II Laser facility in Shanghai. Figure 1 gives the
scheme of the basic experimental setup, showing the posi-
tions of backlighter, sample, crystal, and x-ray film with ab-
sorption spectra recorded. Two gold cylindrical hohlraum
targets with diameter of 1800 m and length of 1000 m
were aligned on their axes and stuck together with a separa-
tion distance of 1000 m left for placement of the SiO2
aerogel sample disk tamped by CH layer on both surfaces.
One hole of 500 m was opened on both outside ends of
the organized hohlraum, each allowing entrance of four
0.35 m laser pulses irradiating the inside wall of the
Au hohlraum, and producing a clean near-Planckian radia-
tion environment. Here by using “clean,” we mean that no
Au plasma down from hohlraum wall flowed into the
radiation-plasma interaction region. With a total energy of
2.4 kJ launched in 1 ns, the Planckian radiation was gener-
ated with the peak temperature Trmax100 eV as measured
with a soft x-ray transmission grating spectrometer.12 The
SiO2 foam sample disks had diameter of 800 m, thickness
of 250 m, and density of 45 mg /cm3.
The backlight was generated by one 0.7 m laser beam
irradiating a gold fiber with cross section of 150 m in di-
ameter, which was 2500 m perpendicularly behind the
sample disk. The laser beam had a total energy of 200 J in
150 ps. Its focus diameter was deliberately adjusted to
300 m, larger than the fiber diameter, helping to produce
a uniform backlighting source, which was monitored by an
x-ray pinhole camera with magnification ratio of 7. One typi-
cal image of the backlighter is shown at the top of Fig. 1.
Besides one uniform area in the center, the image also shows
the expansion of the backlighting plasma by a weak ring of
x-ray emission on the edge. At each shot, the backlight du-
ration was measured by a streak camera to be around 200 ps,
which determined the comparable time resolution in the
present experiments.
The primary diagnostics was a flat pentaerythritol tet-
rakis hydroxymethy PET methane CCH2OH4 crystal
spectrometer, which was aligned along the central line that is
through the centers of the backlighter and the sample, view-
ing the sample face-on, dispersing the transmitted backlight
and recording on the x-ray film the spectral information be-
tween 1700 and 1900 eV. The distance between the x-ray
recording film and the sample was 250 mm. The experi-
mental arrangement provided a spectral resolution power of
E /E2000 at 1850 eV. The spatial resolution of the PET
crystal spectrometer was also limited. Only the transmission
of the backlight through the sample region of 250 m was
recorded on a 25 mm wide x-ray film. It was possible to
align the crystal hundreds of micrometers away from the
central line, allowing measurements of the backlight trans-
mission through the edge part of the sample plasma disk.
We measured the spectra of the backlight transmission
through the sample plasma at different times by changing
delay periods between the Planckian radiation and the back-
light. The time delay was measured by two methods, one of
which was to measure the delay between the half height
point on the tail of the Planckian-radiation-generating laser
pulse and that of the backlighter-generating laser pulse. The
other method was to measure directly the time delay between
Planckian radiation and the backlight by an x-ray streak cam-
era. A typical spatial and temporal image of the two x-ray
sources is also shown at the bottom of Fig. 1. We also mea-
sured the self-emission spectra of the backlight and the
sample plasma in separate shots. All the data, recorded on
the film, were scanned to convert from the film exposure to a
computer compatible format, after which, the film fog was
numerically corrected.
FIG. 1. Graph of basic experimental setup. One typical image of the back-
lighter is shown at the top right. Besides the uniform backlighting area in the
circled center, a ring of weak x-ray emission also exists, indicating the
expansion of the plasma. A typical spatial and temporal image of the back-
lighter and the Planckian radiation is also shown at the down left.
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III. X-RAY ABSORPTION SPECTRUM
MEASUREMENTS AND DATA ANALYSIS
Figure 2 shows the film-recorded absorption spectra
measured at three different time delays and two different
positions. Figures 2a and 2b show, respectively, the back-
light transmission spectra at time delays of 1.0 and 1.5 ns
when the PET crystal was aligned along the central line.
Figure 2c shows the measured spectra at time delay of
2.0 ns when the crystal was aligned in such a way that the
x-ray film recorded the backlight transmission through
sample plasma 15025 m away from the central part. All
the graphs are arranged with the spectra dispersed in the
horizontal direction and the spatial resolution in the vertical.
In all three spectra, absorption features by ions from lithium-
like to nitrogenlike are clearly presented. It is noticed that in
Figs. 2a and 2b, the continuum is not uniform in the
spatial resolution direction; however, the normalized trans-
mission spectra are identical in spectral components for dif-
ferent vertical positions after the division of the continuum
spectra. We will show below that the sample plasma at the
central part has good uniformity in diameters of about
250 m before time delay of 1.5 ns. Figure 2c shows dif-
ferent features of the spectral components in different verti-
cal positions, indicating the nonuniformity of the sample
plasma characteristics at the edge. It is noted that the bottom
part of Fig. 2a was overexposed a little, and the absorption
features were blurred. The randomly curved bright line in
Fig. 2a and the black dots in Fig. 2c were defects of the
film. In Fig. 2d, the time-integrated self-emission spectra of
the SiO2 sample plasma are given, showing the dominating
feature lines of heliumlike and fluorinlike silicon ions.
A. Description of atomic model used
We analyze the experimental spectra by comparing them
with the calculated ones with the DTA model, for the DTA
calculation has been shown to reproduce the experimental
absorption spectra with excellent agreement.29 In our calcu-
lation, the ionization balance is provided with Saha equations
and the energy level population from the Boltzmann distri-
bution, assuming the plasma in LTE. The Debye–Huckel
model is used to calculate the ionization potential depression.
The necessary atomic data are computed by the flexible
atomic code FAC.30 In the calculations, we have taken into
account the four kinds of line profile broadening mecha-
nisms. They are the natural width, the autoionization reso-
nance width, the Doppler broadening width, and the Stark
broadening width, among which, the first two can be calcu-
lated by FAC. The natural width, 50 meV for instance, is
usually smaller than those due to other broadening mecha-
nisms. The autoionization resonance broadening width due to
the mixing between electronic configurations decreases as
the ion charge increases. The calculation produces autoion-
ization resonance width of oxygenlike ions from 0.1 to
0.25 eV with the typical value of 0.2 eV, while that of beryl-
liumlike ions from 0 to 0.08 eV with the typical value of
0.04 eV, comparable to the natural width. The Doppler







where c is the light speed in vacuum, kB the Boltzmann
constant, and mi the mass of the ions. All above physical
variables are in their corresponding units of international
system SI except the photon energy h in eV. For the
sample plasma of Te50 eV, the Doppler broadening width
is around 0.17–0.19 eV in the photon energy range between
1700 and 1900 eV. For the Stark broadening mechanism, the
width s of its Lorentzian line profile is calculated by using
the simplified semiempirical method instead of the time-















nj2 − lj2 − lj − 1 , 2
where nili and njlj are the effective principal the orbital
angular momentum quantum numbers of the lower and the
upper energy levels of the transition within ions charged of z.
The absorption line then has a Voigt profile as the convolu-
tion of Gaussian and Lorentzian profiles.
FIG. 2. Film recorded absorption spectra at three delay times of a 1.0 ns,
b 1.5 ns, and c 2.0 ns. a and b were measured when the PET crystal
was aligned along the central line of the backlighter and the sample, and c
was measured for the sample plasmas centered around the position at
15025 m away from the central line. d is the time-integrated self-
emission spectra of the sample plasma. Emission lines from the fluorinlike
and heliumlike silicon ions dominate the whole spectra.
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In the experiments, the measured absorption line appears
as the convolution of the theoretical profile with the instru-








gh − hdh , 3
where
gh = rect h
hins
 = 1/hins, h  hins/2
0, others

represents the uniform x-ray backlighter.
B. Absorption spectra analysis
Figures 3a–3c show the three transmission spectra
through the sample center at 1.0, 1.5, and 2.0 ns, respec-
tively. At the time of 1 ns, the transmission spectra feature
fine structures for different charge states. As the time delay
increases, the strongest absorption series, such as that of bo-
ronlike and carbonlike ions, become saturated and broad-
ened, and the line structures are blurred. The calculated spec-
tra are also plotted and compared with the experimental
ones. At delay times of 1.0 and 1.5 ns, the calculations re-
produce the experimental spectra with a good agreement un-
der the assumption that there exists one group of sample
plasmas at LTE. For the absorption spectra at 2.0 ns, how-
ever, there exist simultaneously strong oxygenlike ion fea-
tures and strong lithiumlike ion features. We use two groups
of LTE plasmas with different electron temperatures and
densities to reproduce the experimental spectra.
We study the detailed contributions of each charge state
to the measured absorption spectra through the central part of
the sample plasma at delay time of 1.5 ns Fig. 2b. The
absorption spectra of each kind of ions are plotted in Fig. 4
when the calculation reproduces the experimental results
with good agreements. For boronlike, carbonlike, and nitro-
genlike ions, the spectra feature two absorption series,
among which the lower energy series are mainly from tran-
sitions between energy levels of the electronic configurations
with the maximum principal quantum number nmax=2, while
the other absorption series at higher energy are due to tran-
sitions involving electronic configurations with nmax3. As
































FIG. 3. Comparisons between the measured absorption spectra of plasmas at
the sample central region dashed lines and the calculation results solid
lines at delay times of 1.0, 1.5, and 2.0 ns, respectively.






























FIG. 4. Contributions of Li-like and O-like silicon ions to the whole absorp-
tion spectra at delay time of 1.5 ns. The dashed line is the absorption spectra
of B-like silicon ions having electronic configurations with the maximum
principal quantum number nmax=2. Its intensity was increased by 0.1 manu-
ally for the clearness aim. The dotted line is the measured absorption spectra
of plasmas in the central sample region.
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an example, the dashed line in Fig. 4 shows the absorption
spectra by B-like ions in electronic configurations with
nmax=2. It is also found that the lower energy series of ions
SiN+ locate at the same photon energy range as the higher
energy series of ions SiN−1+. This is because the correspond-
ing absorption series of the two neighboring ions have simi-
lar transition behaviors involving the inner shells of elec-
tronic configurations. For example, B-like silicon ion has the
ground state electronic configuration of 1s22s22p1. Its lower
energy absorption series are mainly due to the inner shell
electron excitation from levels belonging to configurations of
1s22s22p1, 1s22s12p2, and 1s22p3. The neighboring C-like
silicon ion has the ground state electronic configuration of
1s22s22p2. Its higher energy absorption series, however, are
mainly due to the inner shell electron excitation from levels
of 1s22s22p1nl, 1s22s12p2nl, and 1s22p3nl, where n3 and
l=0n−1. The state of the most outside electrons usually
changes along with the inner shell electron excitation pro-
cesses as the system parity conservation requires. But such
changes introduce minus effects on transitions between lev-
els involving inner shells. For Li- and Be-like silicon ions,
the absorption spectra present separate line features. This is
because ions with fewer electrons have simple electronic
configurations and energy level distributions, and the gaps
between levels are usually larger. For the Li-like absorption
spectra, the first line from the left in Fig. 4 is due to transi-
tions between energy levels belonging to configurations of
1s22p1 and 1s12p2. The excitations from the ground elec-
tronic configuration 1s22s1 to 1s12s12p1 contribute much to
the second line from the left. Other contributions to the sec-
ond line are from some transitions involving 1s22p1 and
1s12p2. The third and the fourth lines are due to the transi-
tions of 1s2nl to 1s12s1nl or 1s12p1nl, with n=3,4 and
nn+1, respectively. It is clear that the absorption series of
the charge state SiN are usually overlapping with that of ions
SiN−1 except Li-like silicon ions because for He-like ions, the
emissions dominate the absorptions, as shown in Fig. 2.
It is noted that some detailed structures are not repro-
duced well in Fig. 3. The absorption lines measured in ex-
periments around 6.83 Å or 1816.7 eV are deeper than the
calculation results with LTE assumption. This absorption se-
ries is due to excitations of energy levels of the ground elec-
tronic configurations 1s22s2 to that of 1s12s22p1, and 1s22p2
to 1s12p3 of Be-like silicon ions. Transitions involving elec-
tronic configurations of B-like silicon ions at excited states
1s22p2nl to 1s12p3nl also contribute to this absorption se-
ries. It is the same situation for the absorption series around
1780 eV, to which transitions between energy levels of the
ground electronic configurations of C-like silicon ions and
N-like silicon ions contribute. The mismatch between experi-
mental data and the calculation results might be attributed to
several aspects. First, the LTE assumption for the plasma
condition might not represent the real situation. Photons of
higher energy involving the M-shell transitions of Au ions in
plasmas of hohlraum wall may cause increased photon exci-
tation and ionization over the LTE approximation. Second,
effects leading to this mismatch might include the existence
of the gradients of velocity, density, and temperature of plas-
mas. In the reproduction of the measured absorption spectra,
we assumed that the sample plasma consists of two groups of
LTE plasmas of different electron temperatures and densities.
However, it is expected that the gradients of plasmas should
produce a mismatch at the whole energy range, which situa-
tion is not our observations. The third effect for the mismatch
might be the always-existing errors in the calculated atomic
data. The accuracy of atomic data of silicon needs more fu-
ture detailed works. The saturation behavior of the absorp-
tion spectra measured at 2 ns is due to the areal density
increase, as will be shown later in Sec. III C. However, the
saturation does not show the characteristic of transmission
intensity reaching zero as theory usually predicts, because
the absorption spectra of the plasma have been convoluted
with the instrumental broadening width when recorded on
the x-ray film.4
C. Temporal evolution of plasma properties
The spatial and temporal evolutions of the sample
plasma temperatures Te in eV and the electron density Ne in
cm−3 are shown in Fig. 5a. Figure 5b shows the spatial
and temporal evolutions of areal densities Na in g /cm3 and
volume densities Nd in mg /cm3. We have Na=Nd l, where

























































FIG. 5. The temporally and spatially resolved characteristics of silicon di-
oxide aerogel plasmas. a The electron temperature Te squares and circles
are for time delay of 1.0 and 1.5 ns, respectively; up-triangles and down-
triangles are for different groups of LTE plasmas at 2.0 ns and the electron
density Ne solid squares and solid circles are for delays of 1.0 and 1.5 ns,
respectively; solid up-triangles and down-triangles are for different groups
of LTE plasmas at the time delay of 2.0 ns. b The areal density Na solid
squares, solid circles, and solid up-triangles are for delays of 1.0, 1.5, and
2.0 ns, respectively and the volume density Nd squares and circles are for
delays of 1.0 and 1.5 ns, respectively; up-triangles and down-triangles are
for different groups of LTE plasmas at the time delay of 2.0 ns.
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l in centimeter is the backlight transmission depth in the
sample plasma. The sample position zero in Fig. 5 represents
the central line of the sample and the backlighter. At delay
time of 1.0 ns, the plasma has a good uniformity at the cen-
tral region. The electron temperature is determined to be
653 eV at three positions, i.e., 80, 0, and 125 m.
Here and hereafter, the error in Te determination is added as
3 eV, which is estimated in the way that a change in such
value in the electron temperature can cause 0.3 in the aver-
age charge and around 10% changes in the absorption
strength by Li-like and N-like silicon ions. The areal density
Na40 g /cm2=20 mg /cm30.0020 cm for the position
0, and 34 g /cm2=20 mg /cm30.0017 cm for the other
two positions. At delay time of 1.5 ns, the calculations
reproduce the measured spectra at a lower temperature
Te553 eV but a higher Na80 g /cm2=10 mg /cm3
0.0080 cm. However, at delay time of 2 ns, this unifor-
mity in the sample center deteriorates. We use two groups of
LTE plasmas to reproduce the measured transmission spectra
through positions of 125 and 250 m. One group of plasma
at position 125 m has a temperature Te523 eV and
Na77 g /cm2=7 mg /cm30.011 cm, and the other has
a temperature Te343 eV and Na27 g /cm2
=3 mg /cm30.009 cm. At position 250 m, the first
group of plasma has Te563 eV and Na63 g /cm2
=7 mg /cm30.009 cm. The second group of plasma here
has Te403 eV and Na12 g /cm2=3 mg /cm3
0.004 cm. For the most outside positions at tens of
micrometers to the edge of the original sample disk,
comparison between calculation and experiment results indi-
cates a uniform plasma region with Te553 eV and
Na56 g /cm2=7 mg /cm30.0080 cm. It appears that
at later times, the plasma at the sample edge is roughly at
LTE and has a higher electron temperature than that in the
central region, where, as described below, some thermal en-
ergy from the existing plasmas is taken away by electrons
transporting into the neutral sample and producing new plas-
mas through impact ionization. The fact that plasmas at the
sample edge have a uniformly distributed temperature might
indicate that the temperature of the Planckian radiation then
is around Tr55 eV. It is worth to point out that the error in
the determined electron density could be larger than that of
the electron temperature, since the absorption spectra are not
so sensitive to the electron density as compared with the
electron temperature, according to our calculations. Detailed
studies about the electron density effects on the absorption
spectra are needed in further experiments.
In the experiments, two effects may contribute to the
evolution characteristics above. The dual temperature might
be attributed to the sample plasma expanding out of the hohl-
raum and cooling down. This implies that the most outside
part of the plasma has a low temperature. However, for our
plasma with a typical electron temperature Te55 eV, the
expansion speed can be approximated by its ion acoustic
wave velocity of cs=ZkBTe /mi=3.88106 cm /s, where
the adiabatic index 1, and the average ionization stage
Z8. Samples with such a speed can expand a distance of
40 m in 1 ns. This distance is smaller than the hohlraum
diameter of 1800 m, indicating that the plasma keeps
within the Planckian radiation environment during the mea-
surements. Expansion behavior does not contribute much to
the nonuniformity of the plasma in the sample central region.
Another explanation takes account the plasma generation
process. At the early stage of plasma formation, when the
Planckian radiation is around Tr65 eV, photons ionize the
surface part of the sample into near-LTE plasma with com-
parable temperature. The transmission backlight spectra
measured at this time are those through the left neutral SiO2
aerogel sample tamped by plasmas on both surfaces. After
that, the energy transport into the left sample should have
taken the forms of radiation as well as thermal conduction by
electrons. At later time of 2 ns, electrons and photons con-
tinue to ionize the neutral sample into plasma, which consists
of the second group with lower temperature and lower den-
sity. Plasma expansion does have effects on the absorption
spectra by lowering the plasma areal density at the sample
disk edge.
IV. SUMMARY
In summary, we have measured the absorption spectra of
plasmas generated by the Planckian radiation within hohl-
raum targets driven by intense laser pulses. With compari-
sons between the experimental spectra and the calculation
results, the evolution characteristics of the plasma are stud-
ied. It is found that the sample with high density in the
Planckian radiation environment is gradually ionized into
plasmas from the surface into the core by photon ionizations
and electron collision ionizations within several nanosec-
onds. The surface of the sample was photoionized at the
early stage into plasmas, but immediately after that, the en-
ergy transport has taken the form of the photon flux and the
thermal conduction. The plasma is roughly at LTE states dur-
ing the early measurement period, but non-LTE effect due to
the contributions from the photoionization processes is not
neglectable as it manifests itself by the mismatch between
the experimental spectra and the LTE-assumed calculation
results, and by the fact that only with assumption of multi-
groups of LTE plasmas in the theoretical analysis, is it
possible to reproduce the experimental results in a fair
agreement.
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